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Summary 10 
1. Plants release herbivore-induced volatiles (HIPVs), which can be used as cues by plants, herbivores 11 
and natural enemies. Theory predicts that HIPVs may initially have evolved because of their direct 12 
benefits for the emitter and were subsequently adopted as infochemicals.  13 
2. Here, we investigated potential direct benefits of indole, a major HIPV constituent of many plant 14 
species and a key defense priming signal in maize. We used indole deficient maize mutants and 15 
synthetic indole at physiologically relevant doses to document the impact of the volatile on the 16 
generalist herbivore Spodoptera littoralis.  17 
3. Our experiments demonstrate that indole directly decreases food consumption, plant damage and 18 
survival of S. littoralis caterpillars. Surprisingly, exposure to volatile indole increased caterpillar 19 
growth. Furthermore, we show that S. littoralis caterpillars and adults consistently avoid indole 20 
producing plants in olfactometer experiments, feeding assays, and oviposition trials.  21 
4. Synthesis. Together, these results provide a potential evolutionary trajectory by which the release 22 
of a HIPV as a direct defence precedes its use as a cue by herbivores and an alert signal by plants. 23 
Furthermore, our experiments show that the effects of a plant secondary metabolite on weight gain 24 
and food consumption can diverge in a counterintuitive manner, which implies that larval growth 25 
can be a poor proxy for herbivore fitness and plant resistance. 26 
Key-words: indole, plant defence, plant herbivore interactions, priming, volatile signaling, plant 27 
toxin, herbivore induced plant volatile  28 
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Introduction 29 
Upon herbivore attack, plants release herbivore induced plant volatiles (HIPVs) (Heil 2014). HIPVs are 30 
used as cues or signals by a wide variety of organisms: Natural enemies of herbivores for instance can 31 
use HIPVs as cues to locate their prey (Turlings et al. 1990; Amo et al. 2013; Sabelis & Dicke 1987). 32 
Herbivores can use them to avoid competition (Pallini et al., 1997, De Moraes et al. 2001; Sanchez-33 
Hernandez et al. 2006) or to aggregate on host plants (Halitschke et al. 2008; Carroll et al. 2008; von 34 
Mérey et al. 2013; Robert et al. 2012). Plants themselves can perceive HIPVs and employ them to pre-35 
activate their defences (Engelberth et al. 2004; Frost et al. 2008; Heil & Silva Bueno 2007). For HIPVs 36 
to function as so called infochemicals (Dicke & Sabelis 1988), plants must first have come to produce 37 
them, and receiver organisms must have acquired the capacity to detect and respond to them. Because 38 
parallel evolution of both emission and perception is unlikely (Janssen et al. 2002), HIPVs may not have 39 
evolved as infochemicals initially. The ambivalent biological impacts of HIPVs on plant associated 40 
organisms (Dicke & Baldwin 2010; Poelman et al. 2012) and the absence of conclusive evidence 41 
regarding their benefits as tritrophic signals (Schuman et al. 2012; Heil 2014) adds to the current 42 
uncertainty regarding the evolutionary origin of HIPVs (Allison & Hare 2009; van der Meijden & 43 
Klinkhamer 2000; Heil 2008; Janssen et al. 2002).  44 
General theory predicts that the evolution of chemical release precedes the evolution of perception, and 45 
that chemicals of biological origin may first have different roles before being adopted as infochemicals 46 
(Steiger et al. 2011). Examples for this concept include cuticular hydrocarbons of insects, which 47 
primarily function as desiccation barriers and have been adopted as social signals (Howard & Blomquist 48 
2005) and volatiles that help parasitic wasps to defend themselves against insect predators and have 49 
subsequently become an important part of their pheromone blend (Weiss et al. 2013). In plants, 50 
fragments of cell walls and metabolic enzymes, both of which are important to maintain primary 51 
functions, are also used to detect cell damage (Schmelz et al. 2007; Heil 2009), and several plant toxins 52 
seem to possess signalling-like functions (Meihls et al. 2013; Maag et al. 2015). As most HIPVs are 53 
produced by dedicated biosynthetic pathways and are therefore subject to natural selection (Gershenzon 54 
& Dudareva 2007; Frey et al. 2000; D'Auria et al. 2002), it is conceivable that they may have evolved 55 
in a similar manner (Janssen et al. 2002; Allison & Hare 2009).  56 
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Several recent studies indicate that HIPVs may have direct benefits for the emitter (Maag et al. 2015; 57 
Allison & Hare 2009). The nitriles benzyl cyanide, 2-methylbutyronitrile, and 3-methylbutyronitrile that 58 
are specifically emitted from black poplar (Populus nigra) leaves under attack by the gypsy moth 59 
(Lymantria dispar), for instance, are strongly avoided by the caterpillars and can even paralyze them 60 
(Irmisch et al. 2014), while their aldoxime precursors are highly attractive to the gypsy moth parasitoid 61 
Glyptapanteles liparidis (Clavijo McCormick et al. 2014). Also, high doses of green leaf volatiles 62 
(GLVs), which are rapidly released from wounded leaves through the enzymatic breakdown of 63 
membrane lipids, reduce Spodoptera littoralis growth (von Mérey et al. 2013). Similarly, silencing a 64 
hydroperoxide lyase involved in GLV formation in potato increases aphid performance (Vancanneyt et 65 
al. 2001). Recently, the green leaf volatile (Z)-3-hexenol was found to be converted to (Z)-3-hexenyl-66 
vicianoside in tomato (Solanum lycopersicum), which reduces the survival and growth of Spodoptera 67 
littura by 10 % (Sugimoto et al. 2014). Interestingly, (Z)-3-hexenol is also known for its ability to prime 68 
defences in maize plants (Engelberth et al. 2004). The interpretation of GLVs in the context of HIPVs 69 
is complicated by the facts that their release is generally not herbivore specific and does not require the 70 
activation of defensive processes (Scala et al. 2013). Apart from their potential function in direct defence 71 
against herbivores, HIPVs have also been proposed to alleviate abiotic stress that accompanies herbivore 72 
attack (Allison & Hare 2009) and to protect wounds against pathogens (Scala et al. 2013; Quintana-73 
Rodriguez et al. 2015), both of which may provide direct fitness benefits to herbivore-attacked plants 74 
without the need of HIPV perception by another organism. The sesquiterpene (E)-(β)-caryophyllene, for 75 
instance, reduces flower colonization by the bacterial pathogen Pseudomonas syringae pv. tomato 76 
DC3000 (Huang et al. 2012) and can also be used as a cue by root herbivores and their natural enemies 77 
(Rasmann et al. 2005; Robert, et al. 2013). While evidence for direct benefits of HIPVs is accumulating, 78 
clear examples of individual herbivore-specific compounds that act as both direct defences and signals 79 
within the same plant species are still surprisingly rare. 80 
So far, studies on direct effects of HIPVs on herbivores have used herbivore growth as a proxy for their 81 
defensive function (von Mérey et al. 2013; Sugimoto et al. 2014; Irmisch et al. 2014; Li et al. 2000). 82 
Although herbivore growth can indeed be positively correlated with herbivore fitness and plant damage 83 
(Qi et al. 2011; Agrawal 1999), several exceptions exist (Lu et al. 2015). Low food quality for instance 84 
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can lead to compensatory feeding, resulting in both higher plant damage and slower herbivore growth 85 
(Raubenheimer & Simpson 1999). Also, a surplus of carbohydrates can lead to increased lipid storage 86 
(i.e. obesity) and reduced fitness in insects (Warbrick-Smith et al. 2006). Therefore, the question 87 
whether HIPVs can provide direct benefits to the emitting plant, either by decreasing plant damage or 88 
herbivore fitness, remains open. By consequence, it is unclear whether the initial step in the evolution 89 
of HIPVs can be explained by current theory (Steiger et al. 2011) or whether alternative hypotheses 90 
need to be considered (Janssen et al. 2002; Allison & Hare 2009). 91 
Here, we investigated potential direct benefits for plants to release the HIPV indole. Indole is emitted 92 
by many plant species after herbivore attack, including maize (Zea mays) (Degen et al. 2012), gerbera 93 
(Gerbera jamesonii) (Gols et al. 1999), cotton (Gossypium hirsutum) (McCall et al. 1994), peanut 94 
(Arachis hypogaea) (Cardoza et al. 2003), lima bean (Phaseolus lunatus) (Boer et al. 2004) and rice 95 
(Oriza sativa) (Yuan et al. 2008). Its release is triggered by the transcriptional upregulation of the indole-96 
3-glycerol-phosphate lyase IGL (Zhuang et al. 2012; Frey et al. 2000). IGL is rapidly and specifically 97 
induced by herbivory and responds strongly to volicitin (N-(17- hydroxylinolenoyl)-L-glutamine) (Frey 98 
et al. 2004; Frey et al. 2000), an elicitor found in the regurgitant of Spodoptera larvae (Alborn 1997). 99 
Recently, indole was found to be a strong priming signal in maize (Erb et al. 2015). Maize plants that 100 
were previously exposed to indole exhibited a significantly stronger jasmonate (JA) burst and released 101 
higher amounts of terpenoid HIPVs following simulated herbivore attack, and indole deficient igl 102 
mutants were incapable to prime their systemic, non-attacked leaves (Erb et al. 2015). Because of its 103 
herbivore-specific release pattern, its clear genetic component and its documented function as a priming 104 
signal, indole may be a promising candidate to explore potential direct benefits of HIPVs. The results 105 
presented here demonstrate that volatile indole directly increases the mortality of early instar S. littoralis 106 
caterpillars and reduces plant damage. This suggests that the release of indole can benefit plants without 107 
the need of an infochemical context.  108 
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Materials and Methods 109 
Plants and insects 110 
Two maize (Zea mays L.) indole mutants and wild type lines in different genetic backgrounds (termed 111 
A and B) were used in this study. For a detailed description of these plant genotypes, see Ahmad et al. 112 
(2011), Erb et al. (2015). All maize lines were grown individually in plastic pots (10 cm high, 4 cm 113 
diameter) with commercial potting soil (Aussaaterde, Ricoter, Aarberg, Switzerland) and placed in a 114 
climate chamber (23 °C ± 2 °C, 60 % relative humidity, 16:8 h L/D, 50’000 lm/m2). Maize plants used 115 
for the experiments were ten to twelve days old and had three fully developed leaves. The evening before 116 
the experiments, plants were transferred and kept under laboratory conditions (25 ± 2 °C, 40 ± 10% 117 
relative humidity, 16 h light/8h dark, and 8000 lm/m2). Spodoptera littoralis (Boisduval) (Lepidoptera: 118 
Noctuidae) caterpillars were reared from eggs provided by Syngenta (Stein, Switzerland). The eggs were 119 
kept in an incubator at 30.0 ± 0.5 °C until emergence of the larvae. Subsequently, they were transferred 120 
to artificial diet (Beet Armyworm Diet, Bio-Serv, Flemington, NJ) and kept at room temperature (24 ±  121 
4°C) until the start of the experiments. 122 
Caterpillar performance 123 
To determine whether indole can protect maize plants against S. littoralis, we conducted three 124 
experiments. In a first experiment, individual wild type and indole deficient igl mutant plants were 125 
infested with 4 first-instar S. littoralis larvae or left herbivore-free (n=12). Larvae were prevented from 126 
escaping by placing transparent 1.5 L poly-ethylene (PET) bottles with the bottom cut out (30 cm height, 127 
cone-shaped, maximum diameter 8 cm) over the leaves. The bottles were placed upside down over the 128 
plants and attached to the pots with Parafilm (Erb et al. 2011). After 3 days of feeding, S. littoralis 129 
survival was scored for each plant, and two surviving caterpillars per plant were randomly selected and 130 
left to feed for another 4 days. This reduction in herbivore density was necessary to maintain sufficient 131 
leaf biomass for ad libitum feeding for the entire duration of the experiment. After 7 days, herbivore 132 
weight was determined. Furthermore, we measured the fresh mass of the remaining shoots and compared 133 
it to the fresh mass of non-infested plants of the same genotype to estimate biomass removal. In a second 134 
trial, S. littoralis growth and survival on igl-mutants with or without synthetic indole complementation 135 
was measured (n=12). To complement the plants with indole, they were watered with 10 mL of an indole 136 
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solution (100 µg/mL H2O) every day during the experiment. Indole is taken up by plants (Schullehner 137 
et al. 2008) and can diffuse through membranes (Piñero-Fernandez et al. 2011), rendering this a suitable 138 
approach for indole complementation. Plants were infested with 3 caterpillars, and growth and survival 139 
was measured after 7 days of feeding. To separate growth effects of volatile indole from plant-mediated 140 
effects, we performed an additional experiment in which the larvae were exposed to synthetic indole 141 
while feeding on artificial diet. Neonates, first instar or third instar S. littoralis larvae were exposed to 142 
volatile indole for 6 h (n=12). For this purpose, we used volatile dispensers that were constructed as 143 
previously described and emitted indole at a similar rate as wild type plants (approx. 50 ng*h-1, Erb et 144 
al. 2015). Briefly, the dispensers consisted of 2 mL amber glass vials (Supelco, Sigma Aldrich, Buchs, 145 
Switzerland) that were supplied with 20 mg of synthetic indole (Sigma Aldrich, Buchs, Switzerland). 146 
The vials were closed with open screw caps with rubber septa. The septa were pierced with 1 µl 147 
micropipette (Drummond Scientific, Broomall, PA) through which indole diffused at a constant rate. 148 
Groups of caterpillars (20 neonates, 10 L1 or 5 L2-L3) were placed on a cube of artificial diet (0.5 cm3) 149 
in individual plastic boxes together with a control or indole-releasing dispenser. Neonates were freshly 150 
hatched, while L1 larvae were 24 h old and L2-L3 were 48-72 h old. Larval weight gain, diet 151 
consumption and survival were measured after 6 h of indole exposure. Diet consumption was measured 152 
by recording the weight of the diet cube before and after the experiment, and average weight differences 153 
were calculated for each replicate. 154 
Caterpillar feeding preference 155 
To test whether indole affects S. littoralis feeding choice, we performed a leaf disc preference assay. 156 
Two leaf-discs (5 mm diameter), one from an induced igl mutant and one from an induced wild type 157 
plant, were placed as pairs in Petri dishes (diameter 100 mm). Leaf discs were cut from the non-damaged 158 
parts of the second true leaf, which had previously been induced by scratching the leaf over two areas 159 
of approximately 1 cm2 on both sides of the central vein with anatomical forceps (stainless steel, 14.5 160 
cm). Then 10 L of Spodoptera littoralis regurgitant was applied over the scratched leaf areas. This 161 
treatment triggers the releases of the same HIPVs as caterpillar feeding (Turlings et al. 1990; Amo et 162 
al. 2013; Sabelis & Dicke 1987). Regurgitant was collected from fourth instar S. littoralis that had been 163 
feeding on maize leaves for 24 h and was stored at -80 °C until use. One first instar S. littoralis larva 164 
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was put in the center of each box and was allowed to feed on the leaf disks for 18 h (n=11). Leaf discs 165 
were then scanned and the damaged leaf area was measured in Photoshop PS6. In a second experiment, 166 
igl mutants were complemented with indole to directly assess its impact on feeding preference. For this 167 
purpose, the leaf discs were either submerged in H2O or an indole solution (100 µg/mL H2O) for 8 h 168 
before the start of the experiment (n=11). In a separate experiment, we measured the solution uptake of 169 
leaf discs over 8 h (n=5). On average, a leaf disc absorbed 2.4 (±0.16) µl of solution, which is equivalent 170 
to 240 ng of indole and corresponds to a physiologically realistic amount (Degen et al. 2012; Glauser et 171 
al. 2011). 172 
Caterpillar attraction 173 
To test whether S. littoralis caterpillars use indole as a host selection cue, we measured the attraction of 174 
third instar larvae in a modified four-arm olfactometer (D'Alessandro & Turlings, 2005). The 175 
olfactometer consisted of a central glass choice arena (6 cm internal diameter (ID), 5 cm length) with 176 
four arms (15 mm ID, 5 cm length), each with a glass elbow (5 cm length) and an upward connection 177 
for a glass bulb (50 mL). Purified and humidified air entered each odour source vessel at 1.1 L/min 178 
(adjusted by a manifold with four flow meters; Analytical Research System, Gainesville, FL) via Teflon 179 
tubing and carried the HIPVs through the connector tube to the elbows of the olfactometer. In these 180 
elbows, a part of the air (0.7 L/min) was pulled out and the other part entered in the central glass 181 
chamber. Ten neon tubes were attached to a metal frame above the olfactometer and provided 182 
approximately 7000 lm*m-2 at the height of the odour source vessels. To avoid visual distraction of the 183 
larvae, a white cardboard cylinder was placed around the central choice arena and on top of the choice 184 
arena. The choice arena was connected to four glass bottles. Two opposite bottles contained an odour 185 
source and the two remaining bottles remained empty. The position of the odour sources was changed 186 
between each experimental assay. The system was left connected for half an hour before releasing thirty 187 
third-instar larvae in the center of the choice arena. The larvae would crawl out of the box and enter one 188 
of the four arms. After thirty minutes, larval numbers in each arm were counted. The larvae that did not 189 
make the choice arena after thirty minutes were considered as having made “no choice”. Five to six such 190 
releases were done for each replicate and pooled for analysis. Using this system, several experiments 191 
were carried out. First, we tested the preference of S. littoralis for wild type and igl mutant plants (n=5). 192 
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To induce HIPV release, all plants were infested with fifteen second-instar S. littoralis larvae that were 193 
placed on the plant the evening before the bioassay. Second, we assessed the preference of the larvae 194 
for S. littoralis infested IGL wild type vs. igl mutant plants that were complemented with synthetic 195 
indole (n=5). Third, we studied the response of S. littoralis to pure indole at 50 and 100 ng*h-1 using 196 
either a single or two indole dispensers (n=4-5). The chosen release rates cover the natural range of 197 
indole emissions measured in different maize genotypes (Erb et al., 2011). For this experiment, we 198 
placed indole dispensers in two odor sources and control dispensers in the two remaining sources of the 199 
olfactometer.  200 
Oviposition preference 201 
To test if indole affects the oviposition choices in adult S. littoralis females, gravid females that had 202 
been reared on artificial diet were given a choice between previously infested igl-mutant and wild type 203 
plants. For each replicate, eight igl mutant and eight wild type plants (4 of each genetic background) 204 
were infested with three S. littoralis larvae (L1) per plant to induce indole emission and placed in an 205 
oviposition cage (100 cm high, 150 cm long, 50 cm deep). The two mutant lines were placed on one 206 
side, and the two wild type lines were placed on the other side of the cage. To prevent the larvae from 207 
escaping and the adult moths from directly touching the plants or larvae, a nylon mesh was placed around 208 
the plants. Twenty S. littoralis pupae (sex ratio=1:1) were then placed in the centre of the cage at equal 209 
distance of the infested plants. Seven days later, the eggs laid by the females that had emerged from the 210 
pupae on the nylon mesh and cage walls were counted. To assess oviposition preference, the cage was 211 
divided into three sections of similar size: The side harbouring the igl mutant plants, the side harboring 212 
the wild type plants and the center (“no choice”). Two groups of moths were tested: One group was 213 
exposed to volatile indole (50 ng*h-1) during larval development (“experienced”, n=4), whereas the 214 
other group was exposed to control dispensers (“naïve”, n=4). For this purpose, individual S. littoralis 215 
larvae were reared to pupation in small plastic cages (3 cm x 3 cm x 1 cm) containing a 1 cm3 cube of 216 
wheat germ-based artificial diet and a control or indole dispenser until pupation.  217 
Statistics 218 
Differences in larval performance were assessed using analysis of variance (ANOVA) performed with 219 
Sigma Plot 12.5. Holm-Sidak post hoc tests were used for pairwise comparisons. In case of non-220 
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normality or non-equality of variances (as determined by Shapiro-Wilk and Levene’s tests), the data 221 
was log10+1, square-root or rank transformed prior to analysis. Whenever the applied transformations 222 
did not resolve the problems with variance and normality, non-parametric Kruskal-Wallis H tests were 223 
performed. Caterpillar survival was analyzed using Kruskal-Wallis H tests. Whenever more than one 224 
caterpillar was used per plant or diet cube, performance was averaged and used as unit of replication. 225 
To assess larval feeding and adult oviposition preferences, a normalized choice differential was 226 
calculated from each replicate by subtracting the percentage of leaf removal or laid eggs of the control 227 
side from the percentage on the treatment side. The differentials were then compared against the null 228 
hypothesis (equal preference for both sides, resulting in a differential of 0) using ANOVA with the 229 
software package R (version 3.2.1.). Differences between backgrounds were evaluated by ANOVA or 230 
Kruskal-Wallis H tests. The functional relationship between S. littoralis choice and the different odour 231 
sources in the olfactometer assays was analyzed with a generalized linear model with R (GLM, log link-232 
function) followed by ANOVA. To compensate for the overdispersion, we based the models on a quasi-233 
Poisson distribution (Turlings et al. 2004).   234 
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Results 235 
Indole reduces S. littoralis survival and food consumption, but increases caterpillar growth 236 
To test if indole affects S. littoralis growth and survival, we conducted three performance experiments. 237 
In a first experiment, we found that S. littoralis larvae suffered from higher mortality on wild type plants 238 
compared to indole-deficient igl mutants (d.f.=48, H=5.9, P=0.015; Fig. 1a). Surprisingly, the higher 239 
mortality was associated with an increase in larval weight (d.f.=43, H=19.2, P<0.001; Fig. 1b). Both 240 
effects occurred independently of the genetic background of the mutation (survival: H=0.2, P=0.628; 241 
growth: F=0.9, P=0.334). The differences in survival and growth on the different genotypes could be 242 
reversed by complementing the igl mutants with synthetic indole (survival: d.f.=24, H=9.9, P=0.002; 243 
growth: d.f.=24, F=13.9, P=0.001; Fig. 1c-d). Caterpillars also consumed significantly less plant 244 
material on wild type compared to igl mutant plants (d.f.=42, F=8.4, P=0.006; Fig. 1e). Biomass in the 245 
genetic background B was significantly higher than in background A (F=8.6, P=0.005), but the net effect 246 
of the igl mutation was similar in both backgrounds (Interaction: F=0.0, P=0.949). As indole may be 247 
incorporated in defensive metabolites in planta, including for instance benzoxazinoids (Köhler et al. 248 
2014), we performed an additional experiment in which we measured the impact of synthetic indole on 249 
the caterpillars while they were feeding on an artificial diet. We observed a rapid increase in mortality 250 
of neonates (d.f.=35, H=8.5, P=0.038) and first instar caterpillars (H=7.2, P=0.026) 6 h after exposure 251 
to indole at physiological levels (Fig. 2a). Indole exposed caterpillars gained marginally more weight 252 
(d.f.=35, F=3.8, P=0.059; Fig. 2b), despite reduced food intake (d.f.=35, F=12.9, P<0.001; Fig. 2c). 253 
Pairwise comparisons revealed a significant effect of indole on weight gain for first instar larvae (Holm-254 
Sidak post-hoc test, t=2.4, P=0.020) and a significant impact on diet consumption of neonates (t=2.1, 255 
P=0.041) and first instars (t=2.2, P=0.034). Together, these experiments demonstrate that indole directly 256 
increases caterpillar growth, but reduces caterpillar survival and food consumption. 257 
Indole deters S. littoralis 258 
To test whether the presence of indole deters S. littoralis caterpillars from feeding, we conducted a series 259 
of choice experiments. When given a choice between leaf-disks of wild type and indole-deficient igl 260 
mutant plants, S. littoralis caterpillars clearly preferred to feed on the mutant plants (d.f.=19 t=4.3, 261 
P<0.001; Fig. 3a). The effect was significantly stronger in the genetic background A than background 262 
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B (H=6.3; P=0.012). Soaking mutant leaf-disks in an indole solution before the experiment significantly 263 
reduced the feeding of the caterpillars compared to mutants soaked in water (d.f.=19, t=2.2, P=0.042; 264 
Fig. 3b). No significant difference between the two backgrounds was observed in this experiment 265 
(d.f.=19, F=0.35; P=0.564). 266 
Indole producing plants repel S. littoralis 267 
To test whether S. littoralis caterpillars avoid indole-producing plants from a distance, we performed 268 
experiments using a modified 4-arm olfactometer. S. littoralis larvae were significantly more attracted 269 
to HIPVs from igl mutants than wild type plants (d.f.=16, F=79.3, P<0.001; Fig. 3c) independently of 270 
the genetic background (Interaction: F=0.2, P=0.716). This effect could be reversed by adding a 271 
dispenser releasing indole at a physiologically relevant rate to the mutant plants (d.f.=16, F=0.2; 272 
P=0.241; Fig. 3d) independently of the genetic background (Interaction: F=4.0; P=0.06). Significantly 273 
fewer caterpillars moved towards dispensers releasing indole than to empty control dispensers at 50 274 
ng*h-1 (d.f.=6, F=7.6, P=0.032) and 100 ng*h-1 (d.f.=8, F=22.1; P=0.002). Taken together, these results 275 
illustrate that indole repels S. littoralis caterpillars from maize plants.  276 
Indole reduces S. littoralis oviposition 277 
To test whether the plants’ capacity to produce indole also reduces herbivore pressure through reduced 278 
oviposition, we carried out oviposition experiments with S. littoralis adults. When given a choice 279 
between wild type and igl mutant plants, S. littoralis females preferred to lay eggs in proximity of the 280 
igl mutants (d.f.=6, t=9.5, P<0.001; Figure 4). This preference was more pronounced for naïve than for 281 
experienced moths (d.f.=6, t=2.7; P=0.034).  282 
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Discussion 283 
Evolutionary theory predicts that HIPVs may not have evolved as infochemicals in the first place 284 
(Steiger et al. 2011; Weiss et al. 2013). Our experiments demonstrate that indole acts as a potent defense 285 
that can directly protect the emitting plant against an herbivore. Plants therefore benefit from releasing 286 
this volatile even in the absence of any infochemical function. 287 
We found that indole negatively affected the performance of S. littoralis: Larvae feeding on wild type 288 
plants consumed less biomass and suffered from a higher mortality than larvae feeding on indole 289 
deficient mutants. As indole primes plant defences (Erb et al. 2015) and can also serve as a precursor 290 
for the biosynthesis of toxic benzoxazinoids (Glauser et al. 2011; Köhler et al. 2014), this result alone 291 
does not allow for conclusions regarding the direct effects of indole on the caterpillars. However, early 292 
instar caterpillars feeding on artificial diet that were exposed to synthetic indole also suffered from the 293 
same effects, showing that indole by itself has a direct negative impact on the caterpillars. The relative 294 
contribution of indole as a direct defence, as a defensive signal (Erb et al. 2015), or as a secondary 295 
metabolite precursor (Köhler et al. 2014) remains to be elucidated. In our experiments, indole reduced 296 
food consumption by 40 % in planta and by 20% on artificial diet, which may be indicative of the 297 
expected cumulative influence of its function as both toxin and defense signal in plants. The increase in 298 
mortality of neonate and first instar caterpillars exposed to physiological doses of indole after only 6 299 
hours suggests that the molecule is directly toxic or triggers rapid, detrimental metabolic changes in the 300 
insect. Indole is known to inhibit cell division of Escherichia coli by acting as an ionophore that conducts 301 
ions across lipid membranes (Chimerel et al. 2012). Furthermore, it can uncouple oxidative 302 
phosphorylation and inhibit electron transport in mammals (Sakai M. et al. 1982). Even though both 303 
effects have been reported for indole concentrations that are several orders of magnitude higher than the 304 
emission rates of plants, it is possible that early instar S. littoralis caterpillars are particularly susceptible 305 
to exogenous ionophores. Indole can diffuse freely across lipid membranes, and it is conceivable that 306 
indole from the environment reaches vital organs of the caterpillars rapidly (Piñero-Fernandez et al. 307 
2011). Emitting a bioactive HIPV upon herbivore attack clearly increases plant resistance and therefore 308 
directly benefits the emitter. This may also explain why indole is produced by a great number of species 309 
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across the plant kingdom (Degen et al. 2012; Gols et al. 1999; McCall et al. 1994; Cardoza et al. 2003; 310 
Boer et al. 2004; Yuan et al. 2008). 311 
Interestingly, indole consistently increased caterpillar growth, despite its negative effect on caterpillar 312 
survival and food consumption. Caterpillars are known to increase feeding rates on low protein food 313 
sources, which can lead to the accumulation of high lipid reserves and to a reduction in caterpillar fitness 314 
(Raubenheimer & Simpson 1999; Warbrick-Smith et al. 2006). However, in our experiments, indole 315 
decreased food intake, pointing to another mechanism related to a change in food conversion efficiency. 316 
Food conversion efficiency is defined as mass gain per ingested mass (Scott et al. 2010) and depends 317 
on a number of factors, including water retention (Timmins et al. 1988) and digestive efficiency (Chen 318 
et al. 2005). Digestive efficiency in insects can be strongly influenced by the gut microbial community 319 
(Hansen & Moran 2014). In velvet bean caterpillars (Anticarsia gemmatalis) for instance, gut bacteria 320 
contribute significantly to protein digestion (Visôtto et al. 2009). Indole is a well-known bacterial signal 321 
that interferes with quorum sensing (Kim & Park 2013), biofilm formation (Hu et al. 2010) and bacterial 322 
cell division (Chimerel et al. 2012). It is therefore possible that indole exposure alters the gut microbial 323 
community of caterpillars in a way that changes their capacity to digest plant material. Further 324 
experiments will be needed to test this hypothesis. Caterpillar weight gain is often used as a proxy for 325 
plant resistance and as an indicator of the plant’s defensive status (Skibbe et al. 2008; Rasmann et al. 326 
2012; Bruessow et al. 2010). Our own work is no exception to this (Erb et al. 2011; Machado et al. 327 
2015). The data presented here demonstrate however that measuring weight gain in the context of 328 
bioactive secondary metabolites may be misleading, as it may be inversely correlated with biomass 329 
consumption and caterpillar mortality.  330 
The toxicity of indole coincides with a repellent effect of indole-producing plants on S. littoralis larvae 331 
and adults. Caterpillars consistently oriented themselves towards plants that did not emit indole and also 332 
preferred food sources without indole. Similarly, adult moths preferred to lay eggs on igl mutant over 333 
wild type plants. Even though we did observe a slight shift towards indole containing plants by adults 334 
that had experienced indole as larvae, the overall choice pattern was similar between naïve and 335 
experienced individuals. Similar patterns have been observed in other systems (Akhtar & Isman 2003), 336 
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and the results confirm the notion that HIPVs play an important role in host plant selection by moths 337 
(De Moraes et al., 2001).  338 
Although most responses where highly conserved between the two plant genetic backgrounds, S. 339 
littoralis larvae grew better on plants and showed a weaker feeding preference for the igl mutant in the 340 
genetic background B. This suggests that non-volatile feeding cues may influence the response of the 341 
larvae to indole. From the plant’s perspective, the strong avoidance behaviour of the caterpillars may 342 
increase the benefit of indole emission and may have favoured that the trait be maintained in natural 343 
populations. From the herbivore’s perspective, these results suggest that S. littoralis has evolved the 344 
capacity to perceive the volatile and use it as a cue to avoid toxic plants. HIPVs are used as foraging 345 
cues by diverse herbivores and can act as both attractants (Carroll et al. 2008; Halitschke et al. 2008) 346 
and repellents (Clavijo McCormick et al. 2014; Bernasconi et al. 1998). The direction of the effect may 347 
depend on the relative benefits of locating host plants (von Mérey et al. 2013), avoiding plants with 348 
activated defences (von Mérey et al. 2013), escaping from competition (De Moraes et al. 2001) and 349 
reducing the risk of predation (Grostal and Dicke, 1999). For S. littoralis, a generalist that feeds on 350 
various indole-producing plants in nature, it seems likely that the benefit of avoiding indole-emitting 351 
hosts outweighs the advantage of improved host location. S. littoralis has previously been shown to 352 
avoid cotton plants of lower quality (Anderson et al. 2011), and possesses neurons that respond 353 
specifically to indole (Jonsson & Anderson 1999). It remains to be investigated whether indole has 354 
similar behavioural effects on other herbivores in order to determine the extent to which indole emission 355 
indirectly benefits plants in an infochemical network context (Dicke & Baldwin 2010).  356 
Another interesting aspect would be to investigate the role of indole in egg-induced plant responses. Our 357 
previous work on a maize hybrid shows that caterpillar-induced indole emission is reduced by 358 
Spodoptera frugiperda egg deposition (Peñaflor et al. 2011), and it is possible that the caterpillars 359 
directly benefit from this suppression. On the other hand, certain maize landraces have been shown to 360 
produce volatiles in response to egg deposition (Tamiru et al. 2011). The role of indole in this context 361 
remains to be determined. 362 
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From an evolutionary point of view, our findings support current models on the origins of chemical 363 
communication. These models assume that HIPVs initially evolved independently of their role as 364 
infochemicals (Janssen et al. 2002) and that they were subsequently exploited by other organisms in the 365 
form of cues, which by definition require no direct communication intent by the emitter (Steiger et al. 366 
2011). In a third step, the model predicts that indirect benefits for the emitter derived from the response 367 
of the receiver should result in the evolution of HIPVs towards communication signals (Steiger et al. 368 
2011). In a previous study, we demonstrated that volatile indole is required for within-plant priming in 369 
maize, implying that the HIPV acts as a within-plant signal. Here, we show that indole can directly 370 
benefit the emitter by acting as an inducible toxin against a chewing herbivore, and that it is used as a 371 
cue by the herbivore to avoid the emitter. These findings demonstrate a direct positive effect on plant 372 
resistance of indole, allowing us to propose an evolutionary scenario in which inducible indole emission 373 
evolved through duplication and neofunctionalization of a tryptophane synthase alpha subunit (TSA) 374 
(Zhuang et al. 2012; Frey et al. 2009). In a second step, indole was likely adopted as a foraging cue by 375 
herbivores like Spodoptera littoralis (Jonsson & Anderson 1999). Under the assumption that reducing 376 
additional attacks increases plant fitness, the repellent effect may have further stabilized indole emission 377 
patterns. As manipulation of a receiver is a form of communication (Rendall et al. 2009), indole may 378 
already have functioned as an inter-specific signal at this point. At the same time indole likely also 379 
evolved into an important within-plant signal (Erb et al. 2015), which, together with its role as a 380 
repellent, may have consolidated its role as an effective communication signal in maize (Steiger et al. 381 
2011). It is important to note that at this point, the proposed evolutionary trajectory is hypothetical, and 382 
alternative evolutionary scenarios are certainly conceivable. Depending on the mechanism of indole 383 
perception, it is, for instance, possible that the physiological basis to respond to indole was already 384 
present when plants evolved the capacity to produce the compound. Indole is a common bacterial 385 
volatile, and research on Arabidopsis thaliana shows that indole-producing soil bacteria can promote 386 
plant growth by modulating auxin signalling (Bailly et al., 2014). Future phylogenetic studies will help 387 
to test whether indole release preceded indole perception or vice versa. 388 
In conclusion, HIPVs have been shown to function as direct defences, cues and signals (Heil 2014; 389 
Allison & Hare 2009; Scala et al. 2013), but it had not yet been tested whether individual volatiles if 390 
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can fulfil all three roles. Our experiments with indole contribute to filling this gap. Our results set the 391 
stage for an evolutionary scenario in which a primary benefit allowed for the evolution of a HIPV, which 392 
was subsequently followed by its adaptive use as an infochemical by multiple trophic levels.  393 
   18
Acknowledgements 394 
We thank Syngenta (Stein, Switzerland) for supplying S. littoralis eggs. This project was supported by 395 
an SNSF Sinergia Project (Grant Nr. 136184). Arne Janssen and an anonymous reviewer provided 396 
helpful comments on an earlier version of this manuscript.  397 
 398 
Data Accessibility 399 
All data of this manuscript can be found in Appendix S1 in Supporting Information.   400 
   19
References 401 
Agrawal, A.A. (1999) Induced responses to herbivory in wild radish: effects on several herbivores and 402 
plant fitness. Ecology, 80, 1713–1723. 403 
Akhtar, Y., Isman, M. (2003) Larval exposure to oviposition deterrents alters subsequent oviposition 404 
behavior in generalist, Trichoplusia ni and specialist, Plutella xylostella moths. Journal of Chemical 405 
Ecology, 29, 1853-1870. 406 
Alborn, H.T. (1997) An elicitor of plant volatiles from beet armyworm oral secretion. Science, 276, 407 
945–949. 408 
Allison, J.D. & Daniel Hare, J. (2009) Learned and naïve natural enemy responses and the interpretation 409 
of volatile organic compounds as cues or signals. The New Phytologist, 184, 768–782. 410 
Amo, L., Jansen, J.J., van Dam, N.M., Dicke, M. & Visser, M.E. (2013) Birds exploit herbivore-induced 411 
plant volatiles to locate herbivorous prey. Ecology Letters, 16, 1348–1355. 412 
Anderson, P., Sadek, M.M. & Wäckers, F.L. (2011) Root herbivory affects oviposition and feeding 413 
behavior of a foliar herbivore. Behavioral Ecology, 22, 1272–1277. 414 
Bailly, A., Groenhagen, U., Schulz, S., Geisler, M., Eberl, L., & Weisskopf, L. (2014) The inter‐415 
kingdom volatile signal indole promotes root development by interfering with auxin signalling. The 416 
Plant Journal, 80, 758-771. 417 
Bernasconi, M.L., Turlings, T.C.J., Ambrosetti, L., Bassetti, P. & Dorn, S. (1998) Herbivore-induced 418 
emissions of maize volatiles repel the corn leaf aphid, Rhopalosiphum maidis. Entomologia 419 
Experimentalis et Applicata, 87, 133–142. 420 
Boer, J. de, Posthumus, M. & Dicke, M. (2004) Identification of volatiles that are used in discrimination 421 
between plants infested with prey or nonprey herbivores by a predatory mite. Journal of Chemical 422 
Ecology, 30, 2215-2230.  423 
Bruessow, F., Gouhier-Darimont, C., Buchala, A., Metraux, J.-P. & Reymond, P. (2010) Insect eggs 424 
suppress plant defence against chewing herbivores. The Plant Journal, 62, 876–885. 425 
Cardoza, Y.J., Lait, C.G., Schmelz, E.A., Huang, J. & Tumlinson, J.H. (2003) Fungus-induced 426 
biochemical changes in peanut plants and their effect on development of beet armyworm, Spodoptera 427 
exigua hübner (Lepidoptera: Noctuidae) larvae. Environmental Entomology, 32, 220–228. 428 
Carroll, M.J., Schmelz, E.A. & Teal, P.E.A. (2008) The attraction of Spodoptera frugiperda neonates to 429 
cowpea seedlings is mediated by volatiles induced by conspecific herbivory and the elicitor inceptin. 430 
Journal of chemical ecology, 34, 291–300. 431 
Chen, H., Wilkerson, C.G., Kuchar, J.A., Phinney, B.S. & Howe, G.A. (2005) Jasmonate-inducible plant 432 
enzymes degrade essential amino acids in the herbivore midgut. Proceedings of the National 433 
Academy of Sciences of the United States of America, 102, 19237–19242. 434 
Chimerel, C., Field, C.M., Piñero-Fernandez, S., Keyser, U.F. & Summers, D.K. (2012) Indole prevents 435 
Escherichia coli cell division by modulating membrane potential. Biochimica et Biophysica Acta, 436 
1818, 1590–1594. 437 
Clavijo McCormick, A., Irmisch, S., Reinecke, A., Boeckler, G.A., Veit, D., Reichelt, M., Hansson, 438 
B.S., Gershenzon, J., Köllner, T.G. & Unsicker, S.B. (2014) Herbivore-induced volatile emission in 439 
black poplar: regulation and role in attracting herbivore enemies. Plant, Cell & Environment, 37, 440 
1909–1923. 441 
D'Alessandro, M. & Turlings, T.C.J. (2005) In situ modification of herbivore-induced plant odors: a 442 
novel approach to study the attractiveness of volatile organic compounds to parasitic wasps. 443 
Chemical Senses, 30, 739–753. 444 
D'Auria, J.C., Chen, F. & Pichersky, E. (2002) Characterization of an acyltransferase capable of 445 
synthesizing benzylbenzoate and other volatile esters in flowers and damaged leaves of Clarkia 446 
breweri. Plant Physiology, 130, 466–476. 447 
De Moraes, C.M., Mescher, M.C. & Tumlinson, J.H. (2001) Caterpillar-induced nocturnal plant 448 
volatiles repel conspecific females. Nature, 410, 577–580. 449 
   20
Degen, T., Bakalovic, N., Bergvinson, D. & Turlings, T.C.J. (2012) Differential performance and 450 
parasitism of caterpillars on maize inbred lines with distinctly different herbivore-induced volatile 451 
emissions. PloS One, 7, e47589. 452 
Dicke, M. & Baldwin, I.T. (2010) The evolutionary context for herbivore-induced plant volatiles: 453 
beyond the 'cry for help'. Trends in Plant Science, 15, 167–175. 454 
Dicke, M. & Sabelis, M.W. (1988) Infochemical terminology: based on cost-benefit analysis rather than 455 
origin of compounds? Functional Ecology, 2, 131. 456 
Engelberth, J., Alborn, H.T., Schmelz, E.A. & Tumlinson, J.H. (2004) Airborne signals prime plants 457 
against insect herbivore attack. Proceedings of the National Academy of Sciences of the United States 458 
of America, 101, 1781–1785. 459 
Erb, M., Balmer, D., De Lange, E.S., von Merey, G., Planchamp, C., Robert, C.A.M., Röder, G., Sobhy, 460 
I., Zwahlen, C., Mauch-Mani, B. & Turlings, T.C.J. (2011) Synergies and trade-offs between insect 461 
and pathogen resistance in maize leaves and roots. Plant, Cell & Environment, 34, 1088–1103. 462 
Erb, M., Veyrat, N., Robert, C.A.M., Xu, H., Frey, M., Ton, J. & Turlings, T.C.J. (2015) Indole is an 463 
essential herbivore-induced volatile priming signal in maize. Nature Communications, 6, 6273. 464 
Frey, M., Schullehner, K., Dick, R., Fiesselmann, A. & Gierl, A. (2009) Benzoxazinoid biosynthesis, a 465 
model for evolution of secondary metabolic pathways in plants. Phytochemistry, 70, 1645–1651. 466 
Frey, M., Spiteller, D., Boland, W. & Gierl, A. (2004) Transcriptional activation of Igl, the gene for 467 
indole formation in Zea mays: a structure-activity study with elicitor-active N-acyl glutamines from 468 
insects. Phytochemistry, 65, 1047–1055. 469 
Frey, M., Stettner, C., Pare, P.W., Schmelz, E.A., Tumlinson, J.H. & Gierl, A. (2000) An herbivore 470 
elicitor activates the gene for indole emission in maize. Proceedings of the National Academy of 471 
Sciences of the United States of America, 97, 14801–14806. 472 
Frost, C.J., Mescher, M.C., Dervinis, C., Davis, J.M., Carlson, J.E. & De Moraes, C.M. (2008) Priming 473 
defense genes and metabolites in hybrid poplar by the green leaf volatile cis-3-hexenyl acetate. The 474 
New Phytologist, 180, 722–734. 475 
Gershenzon, J. & Dudareva, N. (2007) The function of terpene natural products in the natural world. 476 
Nature Chemical Biology, 3, 408–414. 477 
Glauser, G., Marti, G., Villard, N., Doyen, G.A., Wolfender, J.-L., Turlings, T.C.J. & Erb, M. (2011) 478 
Induction and detoxification of maize 1,4-benzoxazin-3-ones by insect herbivores. The Plant 479 
Journal, 68, 901–911. 480 
Gols, R., Posthumus, M.A. & Dicke, M. (1999) Jasmonic acid induces the production of gerbera 481 
volatiles that attract the biological control agent Phytoseiulus persimilis. Entomologia 482 
Experimentalis et Applicata, 93, 77–86. 483 
Grostal, P. (1999) Direct and indirect cues of predation risk influence behavior and reproduction of prey: 484 
a case for acarine interactions. Behavioral Ecology, 10, 422–427. 485 
Halitschke, R., Stenberg, J.A., Kessler, D., Kessler, A. & Baldwin, I.T. (2008) Shared signals -'alarm 486 
calls' from plants increase apparency to herbivores and their enemies in nature. Ecology Letters, 11, 487 
24–34. 488 
Hansen, A.K. & Moran, N.A. (2014) The impact of microbial symbionts on host plant utilization by 489 
herbivorous insects. Molecular ecology, 23, 1473–1496. 490 
Heil, M. (2008) Indirect defence via tritrophic interactions. The New Phytologist, 178, 41–61. 491 
Heil, M. (2009) Damaged-self recognition in plant herbivore defence. Trends in Plant Science, 14, 356–492 
363. 493 
Heil, M. (2014) Herbivore-induced plant volatiles: targets, perception and unanswered questions. New 494 
Phytologist, 204, 297–306. 495 
Heil, M. & Silva Bueno, J.C. (2007) Within-plant signaling by volatiles leads to induction and priming 496 
of an indirect plant defense in nature. Proceedings of the National Academy of Sciences of the United 497 
States of America, 104, 5467–5472. 498 
Howard, R.W. & Blomquist, G.J. (2005) Ecological, behavioral, and biochemical aspects of insect 499 
hydrocarbons. Annual Review of Entomology, 50, 371–393. 500 
   21
Hu, M., Zhang, C., Mu, Y., Shen, Q. & Feng, Y. (2010) Indole affects biofilm formation in bacteria. 501 
Indian Journal of Microbiology, 50, 362–368. 502 
Huang, M., Sanchez-Moreiras, A.M., Abel, C., Sohrabi, R., Lee, S., Gershenzon, J. & Tholl, D. (2012) 503 
The major volatile organic compound emitted from Arabidopsis thaliana flowers, the sesquiterpene 504 
(E)-β-caryophyllene, is a defense against a bacterial pathogen. The New Phytologist, 193, 997–1008. 505 
Irmisch, S., Clavijo McCormick, A., Günther, J., Schmidt, A., Boeckler, G.A., Gershenzon, J., Unsicker, 506 
S.B. & Köllner, T.G. (2014) Herbivore-induced poplar cytochrome P450 enzymes of the CYP71 507 
family convert aldoximes to nitriles which repel a generalist caterpillar. The Plant Journal, 80, 1095–508 
1107. 509 
Janssen, A., Sabelis, M.W. & Bruin, J. (2002) Evolution of herbivore-induced plant volatiles. Oikos, 97, 510 
134–138. 511 
Jonsson, M. & Anderson, P. (1999) Electrophysiological response to herbivore-induced host plant 512 
volatiles in the moth Spodoptera littoralis. Physiological Entomology, 24, 377–385. 513 
Kim, J. & Park, W. (2013) Indole inhibits bacterial quorum sensing signal transmission by interfering 514 
with quorum sensing regulator folding. Microbiology, 159, 2616–2625. 515 
Köhler, A., Maag, D., Veyrat, N., Glauser, G., Wolfender, J.-L., Turlings, T.C.J. & Erb, M. (2014) 516 
Within-plant distribution of 1,4-benzoxazin-3-ones contributes to herbivore niche differentiation in 517 
maize. Plant, Cell & Environment. 518 
Li, Q., Eigenbrode, S.D., Stringam, G.R. & Thiagarajah, M.R. (2000) The impact of the absence of 519 
aliphatic glucosinolates on insect herbivory in arabidopsis. Journal of Chemical Ecology, 26, 2401–520 
2419. 521 
Lu, J., Robert, C.A.M., Riemann, M., Cosme, M., Mène-Saffrané, L., Massana, J., Stout, M.J., Lou, Y., 522 
Gershenzon, J. & Erb, M. (2015) Induced jasmonate signaling leads to contrasting effects on root 523 
damage and herbivore performance. Plant Physiology, 167: 1100-1116. 524 
Maag, D., Erb, M., Köllner, T.G. & Gershenzon, J. (2015) Defensive weapons and defense signals in 525 
plants: Some metabolites serve both roles. BioEssays, 37, 167–174. 526 
Machado, R.A.R., Arce, C.C.M., Ferrieri, A.P., Baldwin, I.T. & Erb, M. (2015) Jasmonate-dependent 527 
depletion of soluble sugars compromises plant resistance to Manduca sexta. The New Phytologist, 528 
article first published online: 19 FEB 2015, DOI: 10.1111/nph.13337. 529 
McCall, P.J., Turlings, T.C.J., Loughrin, J., Proveaux, A.T. & Tumlinson, J.H. (1994) Herbivore-530 
induced volatile emissions from cotton (Gossypium hirsutum L.) seedlings. Journal of Chemical 531 
Ecology, 20, 3039–3050. 532 
Meihls, L.N., Handrick, V., Glauser, G., Barbier, H., Kaur, H., Haribal, M.M., Lipka, A.E., Gershenzon, 533 
J., Buckler, E.S., Erb, M., Köllner, T.G. & Jander, G. (2013) Natural variation in maize aphid 534 
resistance is associated with 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one glucoside 535 
methyltransferase activity. The Plant Cell, 25, 2341–2355. 536 
Pallini, A., Janssen, A. & Sabelis, M.W. (1997) Odour-mediated responses of phytophagous mites to 537 
conspecific and heterospecific competitors. Oecologia, 110, 179-185. 538 
Piñero-Fernandez, S., Chimerel, C., Keyser, U.F. & Summers, D.K. (2011) Indole transport across 539 
Escherichia coli membranes. Journal of Bacteriology, 193, 1793–1798. 540 
Peñaflor, M.F.G.V., Erb, M., Robert, C.A.M., Miranda, L.A., Werneburg, A.G., Dossi, F.C.A., Turlings, 541 
T.C.J. & Bento, J.M.S. (2011) Oviposition by a moth suppresses constitutive and herbivore-induced 542 
plant volatiles in maize. Planta, 234, 207-215. 543 
Poelman, E.H., Bruinsma, M., Zhu, F., Weldegergis, B.T., Boursault, A.E., Jongema, Y., van Loon, 544 
Joop, J. A., Vet, L.E.M., Harvey, J.A. & Dicke, M. (2012) Hyperparasitoids use herbivore-induced 545 
plant volatiles to locate their parasitoid host. PLoS Biology, 10, e1001435. 546 
Qi, J., Zhou, G., Yang, L., Erb, M., Lu, Y., Sun, X., Cheng, J. & Lou, Y. (2011) The chloroplast-localized 547 
phospholipases D α4 and α5 regulate herbivore-induced direct and indirect defenses in rice. Plant 548 
Physiology, 157, 1987–1999. 549 
Quintana-Rodriguez, E., Morales-Vargas, A.T., Molina-Torres, J., Ádame-Alvarez, R.M., Acosta-550 
Gallegos, J.A., Heil, M. & Flynn, D. (2015) Plant volatiles cause direct, induced and associational 551 
   22
resistance in common bean to the fungal pathogen Colletotrichum lindemuthianum. Journal of 552 
Ecology, 103, 250–260. 553 
Rasmann, S., Köllner, T.G., Degenhardt J., Hiltpold, I., Toepfer S., Kuhlmann U., Gershenzon J. & 554 
Turlings, T.C.J. (2005) Recruitment of entomopathogenic nematodes by insect-damaged maize roots. 555 
Nature, 434, 732-737. 556 
Rasmann, S., Vos, M. de, Casteel, C.L., Tian, D., Halitschke, R., Sun, J.Y., Agrawal, A.A., Felton, G.W. 557 
& Jander, G. (2012) Herbivory in the previous generation primes plants for enhanced insect 558 
resistance. Plant Physiology, 158, 854–863. 559 
Raubenheimer, D. & Simpson, S.J. (1999) Integrating nutrition: a geometrical approach. Proceedings 560 
of the 10th International Symposium on Insect-Plant Relationships (eds S. J. Simpson et al.), pp. 67–561 
82. Springer Netherlands, Dordrecht. 562 
Rendall, D., Owren, M.J. & Ryan, M.J. (2009) What do animal signals mean? Animal Behaviour, 78, 563 
233–240. 564 
Robert, C.A.M., Erb, M., Hiltpold, I., Hibbard, B.E., Gaillard, M., David P., Bilat, J., Degenhardt, J., 565 
Cambet-Petit-Jean, X., Turlings, T.C.J & Zwahlen, C. (2013) Genetically engineered maize plants 566 
reveal distinct costs and benefits of constitutive volatile emissions in the field. Plant Biotechnology 567 
Journal, 11, 628–639. 568 
Robert, C.A.M., Erb, M., Duployer, M., Zwahlen, C., Doyen, G.R. & Turlings, T.C.J. (2012) Herbivore-569 
induced plant volatiles mediate host selection by a root herbivore. The New Phytologist, 194, 1061–570 
1069. 571 
Sabelis, M.W. & Dicke, M. (1987) How plants obtain predatory mites as bodyguards. Netherlands 572 
Journal of Zoology, 38, 148–165. 573 
Sakai M., Tohyama K. & Mutai M. (1982) Effect of indole on adenylate energy charge and 574 
mitochondrial phosphorylative activity of rat liver. International Journal of Biochemistry, 14, 569–575 
572. 576 
Sanchez-Hernandez, C., Lopez, M.G. & Delano-Frier, J.P. (2006) Reduced levels of volatile emissions 577 
in jasmonate-deficient spr2 tomato mutants favour oviposition by insect herbivores. Plant, Cell & 578 
Environment, 29, 546–557. 579 
Scala, A., Allmann, S., Mirabella, R., Haring, M.A. & Schuurink, R.C. (2013) Green leaf volatiles: a 580 
plant's multifunctional weapon against herbivores and pathogens. International Journal of Molecular 581 
Sciences, 14, 17781–17811. 582 
Schmelz, E.A., LeClere, S., Carroll, M.J., Alborn, H.T. & Teal, P.E.A. (2007) Cowpea chloroplastic 583 
ATP synthase is the source of multiple plant defense elicitors during insect herbivory. Plant 584 
Physiology, 144, 793–805. 585 
Schullehner, K., Dick, R., Vitzthum, F., Schwab, W., Brandt, W., Frey, M. & Gierl, A. (2008) 586 
Benzoxazinoid biosynthesis in dicot plants. Phytochemistry, 69, 2668–2677. 587 
Schuman, M.C., Barthel, K. & Baldwin, I.T. (2012) Herbivory-induced volatiles function as defenses 588 
increasing fitness of the native plant Nicotiana attenuata in nature. eLife, 1, e00007. 589 
Scott, I.M., Thaler, J.S. & Scott, J.G. (2010) Response of a generalist herbivore Trichoplusia ni to 590 
jasmonate-mediated induced defense in tomato. Journal of chemical ecology, 36, 490–499. 591 
Skibbe, M., Qu, N., Galis, I. & Baldwin, I.T. (2008) Induced plant defenses in the natural environment: 592 
Nicotiana attenuata WRKY3 and WRKY6 coordinate responses to herbivory. The Plant Cell, 20, 593 
1984–2000. 594 
Steiger, S., Schmitt, T. & Schaefer, H.M. (2011) The origin and dynamic evolution of chemical 595 
information transfer. Proceedings of The Royal Society B, 278, 970–979. 596 
Sugimoto, K., Matsui, K., Iijima, Y., Akakabe, Y., Muramoto, S., Ozawa, R., Uefune, M., Sasaki, R., 597 
Alamgir, K.M., Akitake, S., Nobuke, T., Galis, I., Aoki, K., Shibata, D. & Takabayashi, J. (2014) 598 
Intake and transformation to a glycoside of (Z)-3-hexenol from infested neighbors reveals a mode of 599 
plant odor reception and defense. Proceedings of the National Academy of Sciences of the United 600 
States of America, 111, 7144–7149. 601 
   23
Tamiru, A., Bruce, T.J., Woodcock, C.M., Caulfield, J.C., Midega, C.A., Ogol, C.K., Mayon, P., Birkett, 602 
M.A., Pickett, J.A. & Khan, Z.R. (2011) Maize landraces recruit egg and larval parasitoids in 603 
response to egg deposition by a herbivore. Ecology Letters, 14, 1075-1083. 604 
Timmins, W.A., Bellward, K., Stamp, A.J. & Reynolds, S.E. (1988) Food intake, conversion efficiency, 605 
and feeding behaviour of tobacco hornworm caterpillars given artificial diet of varying nutrient and 606 
water content. Physiological Entomology, 13, 303–314. 607 
Turlings, T.C., Tumlinson, J.H. & Lewis, W.J. (1990) Exploitation of herbivore-induced plant odors by 608 
host-seeking parasitic wasps. Science, 250, 1251–1253. 609 
Turlings, T.C.J., Davison, A.C. & Tamo, C. (2004) A six-arm olfactometer permitting simultaneous 610 
observation of insect attraction and odour trapping. Physiologial Entomology, 29, 45–55. 611 
van der Meijden, Ed & Klinkhamer, Peter G. L. (2000) Conflicting interests of plants and the natural 612 
enemies of herbivores. Oikos, 89, 202–208. 613 
Vancanneyt, G., Sanz, C., Farmaki, T., Paneque, M., Ortego, F., Castañera, P. & Sánchez-Serrano, J.J. 614 
(2001) Hydroperoxide lyase depletion in transgenic potato plants leads to an increase in aphid 615 
performance. Proceedings of the National Academy of Sciences of the United States of America, 98, 616 
8139–8144. 617 
Visôtto, L.E., Oliveira, M.G.A., Guedes, R.N.C., Ribon, A.O.B. & Good-God, P.I.V. (2009) 618 
Contribution of gut bacteria to digestion and development of the velvetbean caterpillar, Anticarsia 619 
gemmatalis. Journal of Insect Physiology, 55, 185–191. 620 
von Mérey, G.E., Veyrat, N., D'Alessandro, M. & Turlings, T.C.J. (2013) Herbivore-induced maize leaf 621 
volatiles affect attraction and feeding behavior of Spodoptera littoralis caterpillars. Frontiers in Plant 622 
Science, 4, 209. 623 
Warbrick-Smith, J., Behmer, S.T., Lee, K.P., Raubenheimer, D. & Simpson, S.J. (2006) Evolving 624 
resistance to obesity in an insect. Proceedings of the National Academy of Sciences of the United 625 
States of America, 103, 14045–14049. 626 
Weiss, I., Rössler, T., Hofferberth, J., Brummer, M., Ruther, J. & Stökl, J. (2013) A nonspecific 627 
defensive compound evolves into a competition avoidance cue and a female sex pheromone. Nature 628 
Communications, 4, 2767. 629 
Yuan, J.S., Köllner, T.G., Wiggins, G., Grant, J., Degenhardt, J. & Chen, F. (2008) Molecular and 630 
genomic basis of volatile-mediated indirect defense against insects in rice. The Plant Journal, 55, 631 
491–503. 632 
Zhuang, X., Fiesselmann, A., Zhao, N., Chen, H., Frey, M. & Chen, F. (2012) Biosynthesis and emission 633 
of insect herbivory-induced volatile indole in rice. Phytochemistry, 73, 15–22. 634 
  635 
   24
Supporting Information 636 
Additional supporting information may be found in the online version of this article: 637 
 638 
Appendix S1 Raw data. 639 
  640 
   25
Figures 641 
 642 
Fig. 1. Endogenous indole increases S. littoralis mortality. Growth, survival and plant biomass removal 643 
of caterpillars was measured 7 days post infestation on wild type and igl-mutant plants and on igl mutants 644 
that were supplemented with indole or not. Stars indicate significant differences between wild type and 645 
mutant plants (a, b, e) or between control and indole complemented mutants (c, d). No statistically 646 
significant differences were found between genetic backgrounds for a-d. Backgrounds A and B were 647 
significantly different from each other in e (p=0.005). Stars indicate significant differences between wild 648 
type and mutant plants (two-way ANOVAs, *p<0.05, **p<0.01, ***p<0.001). Error bars correspond to 649 
standard errors (± SE).  650 
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 651 
Fig. 2. Synthetic indole increases S. littoralis mortality. Different instars of S. littoralis caterpillars were 652 
exposed to volatile indole (50 ng*h-1) for 6 h, and their survival, growth and artificial diet consumption 653 
was recorded over this period of time. Stars indicate significant differences between treatments within 654 
instars. *P<0.05, **p<0.01, ***p<0.001. Levels of significance are given for two-way ANOVAs using 655 
treatment and instar as factors. Error bars correspond to standard errors (± SE).  656 
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 657 
Fig. 3. Indole repels Spodoptera littoralis caterpillars. (a-b): Choice tests using leaf-disks of herbivory-658 
induced wild type (WT), indole deficient mutant seedlings (igl). For indole complementation, igl leaf 659 
disks were soaked in an indole solution (100 µl*mL-1 H2O) prior to the experiment. (c-d): Choice tests 660 
in a 4-arm olfactometer using induced seedlings of the different genotypes as odour sources. Indole 661 
emission was complemented using capillary dispensers with a release rate of 50 ng*h-1. (e) Choice tests 662 
in a 4 arm olfactometer using synthetic indole at different release rates. Stars indicate significant 663 
differences between leaf disks, odor sources or genetic backgrounds (ANOVA, *p<0.05, **p<0.01, 664 
***p<0.001). A and B denote the two different genetic backgrounds that were used in the experiments. 665 
Error bars correspond to standard errors (± SE).  666 
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 667 
Fig. 4. Indole reduces oviposition by S. littoralis females. Gravid females were allowed to oviposit in a 668 
nylon mesh cage with WT plants on one side and igl mutant plants on the other side. Adults from naive 669 
caterpillars reared on artificial diet and experienced caterpillars reared on artificial diet supplemented 670 
with indole were tested separately. Stars indicate significant differences between plant genotypes. 671 
**p<0.01. Error bars correspond to standard errors (± SE).  672 
